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Laminar flow ocojis mainly 
in small peripheral airways 
where rate of airflow 
through any airsvay is low. 
Driving pressure is 
proportional to gas viscosity 


Turbulent flow occurs at 
high Row rates in trachea 
and larger airways. Driving 
pressure is proportional to 
square of flow and is 
dependent on gas density 


Transitional flow occurs in 
larger airways, particularly at 
branches and at sites of 
narrowing. Driving pressure 
isproportionai to both gas 
density and gas viscosity 
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Table L Total organ radioactivity in percent of 
released dose 


Oi-gan 

Kaptyr inhaiv 

m 

Cigarette 

(%) 

TTme 

(min) 

Lung maximum 

3.i 

14 

7* resp. t.5t 

Lung 

4.0 

3.3 

15 

Heart, 

0.4 

0.4 

15 

Bronclji 

7.0 

0.7 

15 

Esophagus 

IS 

0.6 

15 

Oral cavity 

3S 

0.7 

19 

Oral cavity 

14 

0.4 

49 

Stomach 

18 

1.6 

27 

Stomach 

14 

2.1 

60 


•(nhalec. 

tCigarettc. 


Rg. I A Mean SEM arterial (O) and jugular venous {•) nicotine 
concentrations after using one inhaler for 5 min (« = 7). B Mean ± 
SEM arterial (O) and jugular venous (♦} nicotine corscentrations after 
smoking one dgarettc over 5 min {/i ^ 7). Please note that the arterio¬ 
venous difference is reversed for the inliaier rdaiivE to the d^retlc 



Fig. 2. Radioactivity in iung tissue after inhalation of *'C- 
nicolinc. Tissue radioactivity cottecied for coBUibution from 
large bronchi and biood. A markedly higher lEtitial lung 
deposition is observed fer cigarette smoking compared with 
use of the vapor inhsJer, Soij/d ime. Vapor inhaler; broken 
cigarette. SUV, Standardized uptake value (Sts laxc). 



Fig. 3. Radioactivity in arterial blood after inhalation of 
"C-nicotine. Willi the vapor Inhaler a gradual increase of 
blood radioactivity is seen. With the cigarette a sharp rise 
is noted to a maximiim concentration witliin 2 minutes 
after the sta ' ^ '■ .i. ... 


Moh^mddi Sarfrar-Basics of Pulmonary ADME presented to CE May 3-7, 2004 


18 


PM3006723055 


Source: https://www.industrydocuments.ucsf.edu/docs/rmbj0001 



Tsbacco alSiatciils 


\ 



NKOtyriPKe 
<4 . 4C;ug> 


JUidfaiisihe 
13 - K^ug; 


Analabinc 
[7 - 20 /ugl 


23' -BipyiOyl 
[1* - 72 jug) 


f 

] 

1 

< 

1 

« 

1 

] 

1 

1 


1 


Xta-argnes 



O-uinoUi? 
to 5 - 2jii^t 



1-10 rsg^ 



Isoquinc^Une 
12 ^5) 



?heninthnrf«ne 
["* lOngl 


PoJynotlesr araicuNi: Kydroia'Scins 



Naphthalene ApthraceriP 

f?-&*jpJ \7Un0 



A 


Indole 

E16 - 3fl jUQj 



1-Mefhyl*^-tarboline 

(Harman] 

12 - 


Flypr^B 

(vfc^ug) 


( 

K 

i 


i 



phenanthrcne 

07 ng)' 


oa 

0^0 


Pyrs-ne 

Fluwinlgant 

Its - UJngl 

<65 - iMngl 

pirylem 

13 ngl 

.-oOO 

^000 

jOOi 

Ow) 

OUM 

wO 

8enza(a>P!rreae 

Anlhinlhrenc 

uu 

19 - tOpgJ 

13 ng) 

CotqbbP* 

ngi 


Fig. 12.12 Structures of some smoke components (and 
typical mainstream yields from plain cigarettes). 
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jnEfS>S Sa PfiafmacekrgHti Seisneea 


'Ransporter 

Tissue 

Localizatioti* 

R«fs 

PEPTl** (SLC15A1) 

Small inteslinc 

Bnisii tx>rder mcmbiane pf 
enterpcytes 

[53] 


Kidney 

Bxusli twEdcr memUajnc 
epitlidial ceils trf the fffox- 
EuaJ tyhiile SI segment 

tS41 


Bite duel 

Apicet pKni^'a.iw; of 
diolangiocyies 

[551 


Panmas 

Lysoscmies cf admr «:ils 

[56] 

jpEFl'2 CSLCi5A2> 

K.i{Iaey 

Brash border membrane of 
epithelial cells cf the psrsjc- 
mial pjbule (S2 and S3 seg¬ 
ment) 

154} 


CNS 

Epirttelial cells of the 
cherdd plexus, ependymal 
ceils and asliocytes 

[57,42] 


PHS 

Membrane and cytoplasm 
glial C£lls 

[581 


Lang 

Apical ojcmibtane 

of btonciiial and 

hacbesJ. cpsiMlal cells, 
mentbiane and cytoplasm 
paieumpcytes type U 

m 


Manmiajy gtainl 

Epithelial cells of flte 
glands and ducts 

[60] 
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ClinPharm 101 


Absorption, Distribution Metabolism and Excretion 


Objectives: 

1) Understand pulmonary physiology particularly as it relates to uptake of 
cigarette smoke cxmstituents using nicotine as a model compound. 

2) List various physicochemical and biological factors affecting absorption 

3) Describe various mechanisms of uptake of compounds through the 
pulmonary epithelium. 

4) Explain clearance concepts as they relate to hepatic and renal elimination. 

5) Discuss various metabolic processes that occur within the pulmonary 
region as well as hepatic and/or other organs. 


Pulmonary Anatomy and Physiology - The Basics 


Anatomy - 



if— ^'It;_q»de‘.'hgnu7t of TifTTs)-iMAiAsrCfii 
brcflcbw>, i-vf = 1^ ?.L?Lai^per 

iobe hrcitclins'^E^.a l^lvi Lw’CTlcUe broai<4»iS:mL * tJJ. ^ rrft 


Pathway for airflow 

• Mouth or nose -> 
Oropharynx or 
nasopharynx ^ Larynx 
T rachea 

• The bronchi, conducting 
a//ways, divide 
approximately 15 to 20 
times down to the level of 
terminal bronchioles 



#— StbwTitc diagram of the moa- distal portion of Die tree. Bstdi 

EC&ha] of rcmirato^ bFCD{:hi 0 ls G®, through 

it^. birw iiioic xcs^niit*^ cphheJhito Snlnji their ^wiil 3 ,.A}vco^ 

ducis arc cirfiK^1(&l©35:^ fpilthelibin,*si?re slrtoUcS^fSAJl). diitd 

Wapdsapphcd'hy UjttciBalfcitonchiote ist«fHSfdtfrfnwiL<Fst}mThi3jC>eck’^;<^^ 
tLvx lung ^aseUfii ^jhSSRB SC (c^: P-itlWtogf foj *. Ncyr Yirfe; 


Beyond terminal 
bronchioles further 
divisions include the 
respiratory bronchioles, the 
alveolar ducts and the 
alveoli, acinus or terminal 
respiratory unit 
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- Tenninal bio/ichiole 

- Smooth rrmscle 

- Elastic fibers 

- Alveolus 
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Small bronchi 
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generations) 



Terminal 
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*3 J Respiratory 
■§ 1 bronchioles 


Alveolar 
ducts and 
alveolar sacs 



- Respiratory 
bronchioles 
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• Adult human lung has ~ 300 million alveoli 


Surface area for gas-exchange provided by the alveoli is enormous (-size 
of tennis court) 

Pulmonary Capillary Network 

o Blood arrives at the lungs via the pulmonary artery 
o Courses through a widely branching system of smaller pulmonary 
arteries and arterioles to the capillary network 
o Capillaries allow red blood cells to flow through in single file only 
o This facilitates efficient gas-exchange between each cell and 
alveolar gas 


^Terminal brotichtole 

y-Bfpnchial arairy (fl brri left iieart 
Via ihorscic aorta} 



-Puimpnary veil} 
(to left ftoart) 





'w- 
























',4- 


.'.-V 






Capifl^ry Within alveol^f 
{ctif away peaces) 


\S 


wmm 


[i[rei[i] 






Physiology 

• Functional Residual capacity (FRC) — 

o The lung volume at the normal resting end-respiratory position of 
the respiratory system. 

o At FRC, the inward elastic recoil of the lung is balanced by the 



outward elastic recoil of the chest wall. 

• Total lung capacity (TLC) — 

o The volume of gas within the lungs at the end of a maximal 
inhalation. 

o At this point the lungs are stretched well above their resting position 
and even the chest wall is stretched beyond its resting position. 

* Residual volume (RV) - 

o The volume remaining after maximum exhalation. 

o With age or with disease of the airways, further expulsion of gas 
during expiration is limited, not by the outward recoil of the chest 
wall but rather by the tendency for airways to close during 
expiration and for gas to be trapped behind the closed airways. 
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g. During exhaiatiDn the waBs (stjtCh) ot the atverili 
Olla^ below funcitonal resSrVt eSpaQtj? Ske an aca^rdioo. 
During full inhalfilibn the septal ^t^tcli and 'eav^olae 
1 ^^ be ineb'rp'oratSd inio tiisw plastoa merttbrane 

(Sa^l). Presumably the sajne phenomcJton gwirs hi capillary 
tndotheiiuia dunng h^h voiiwife blcsid'&ow. 


• Tidal Volume (Vt) = 
Dead space volume 
(Vo) + Alveolar volume 
(Va) 

o At rest, a normal 
person typically 
breathes 
approximately 
500 ml of air per 
breath 

o Frequency of 12- 
16 times per 
minute 

o Ventilation of 6-8 
L/min (minute 
ventilation) 

o All of Vt is not 
used entirely for 
gas exchange. A 
portion stays in 
the conducting 
airways and does 
not reach the 
distal part of the 
lung (Vo) -150 
mL. 


o Va is the Volume reaching the gas-exchanging portion of the lung 
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ofciliuiYi 


BARRIERS TO ABSORPTION IN THE LUNG 

Surfactant - 

• Airway and alveolar surface liquids are coated with at least a monolayer of 
highly surfa ce active a gents . 

• The fatty acid tails of the surfactant lipids project into the air. 

• The lungs surfactant reduces the surface tension of lung surface liquid. 
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and tni,el,e;;£ J jUnc.ians \ , „ , , ' 

‘ ■ j 1 Laffiellaffegd' Aiveofarm^ : liage 


Caf>illary 

tumen 



.-'Va --i-v 


ST, 1 ,. ^ ''' -'- > ' , !/ Alvepiuf 

M (airspace) 


(frtetsMfiurTi ^ Fused basemeKi Type !l Fndplftelial (loose) Endothelial ceff 

fnters®a) celJ membranes aiyepUsycelf, ceBium*pns and nucleus 




• The monolayer of insoluble phospholipids (lung surfactant) greets any 
foreign macro-molecule inhaled into the lung and potentially compromises 
the dissolution of the substance into the surface liquid and its subsequent 
absorption by inducing aggregation, which could enhance engulfment and 
digestion by the airspace macrophages. 
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Surface fining fluid- 

• Immediately below the molecular layer of lung surfactant lies the epithelial 
surface fluid through which particles must diffuse to get to the epithelial 
cell layer. 

• This fluid acts as a reservoir for lung surfactant and appears to contain 
many of the components of plasma. 

• At the conducting airways this fluid is a relatively thick mucus-containing 
airway fluid that moves constantly towards the trachea with ciliary activity. 

o Averages about 5-10 pm thick 
o Mucociliary surface velocity -1-10 mm/min 

• This is distinct from the thin alveolar fluid which contains no mucus and is 
not pushed by cilia. 

o 0.05-0.08 pm thin, but may be several microns thick in pooled 
areas and as thin as 15 -20 pm 

• ton transport by the pulmonary epithelium regulates the volume and 
composition of the surface liquids. 

• pH, osmolality, ions, proteins, lipids and other constituents of the lining 
fluids play an important role in the composition and volume of this lining. 

• Total lung surface fluid volume in humans ranges from about 15-70 ml. 


Epithelium - 

• The most significant barrier to 
absorption. 

• Monolayer everywhere except in 
the trachea 

• The cells of the airway epithelium 
(thick columnar cells) are very 
different than those of the alveolar 
epithelium (thin and broad cells) 

• There are over 60 cel! types in the 
lung 





Kg, 4. Alveolar I vory Kf.sudipj' are 

ooin;(iarifd wfth airWa y cefe ' '' 


o Airway epithelium has at 
least 4 major celt types 

■ Basal cell (the 
progenitor cell) 

■ Ciliated cell 

■ Goblet cell 

■ Clara cell 

o Alveolar epithelium is 


composed of only two major cell types 

■ Extremely broad and thin Type ! cel! 

■ Small compact Type II cell (from which the Type I cell is 
thought to arise) 
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The pattern of cells in the alveoli is a cobblestone pattern (i.e. -2 
Type f! cells for every Type I cell and one macrophage for every 8 

Type I cells) 
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Interstitium and basement membrane 

• The interstitium is the 

extracellular and extravascular 
space between ceils in the 
tissue. <• 

• For a molecule to be absorbed 
from the air spaces to the blood 
it must pass through the 
interstitium. 

• Within the interstitium are 
fibroblasts, tough connective 
fibers (i.e. collagen fibers and 
basement membranes which 
serve as the structural 
framework on which cells of the 
lung are mounted). 

• The interstitial fluid slowly 
diffuses and percolates through 


the tissue. 

• This fluid is drained as lymph in lymphatic vessels, which gradually 
transport the fluid back to the blood. 

• The interstitium is analogous to a sophisticated chromatography column 
(this one is for Robin and Shixia ©) with a fraction of water and solutes 
bound to the fibrous gel-like structures of the extracellular matrix, plasma 
proteins and most solutes are thought to diffuse relatively unhindered 
through it. 

• The epithelial and endothelial (capillary) cells are attached to a tough but 
thin layer of interstitial fibrous material known as the basement membrane. 

• The epithelial cells are attached to one basement membrane and the 
capillary cells (endothelium) are attached to another. Where these two 
cell layers come in contact (which is frequent throughout the alveoli) their 
basement membranes fuse to form one common basement membrane. 


• The role of the basement membrane and that of the interstitium in 
absorption is uncertain. 
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Vascular endothelium - 

• The final barrier to systemic absorption is another monolayer of cells that 
make up the walls of small blood and lymph vessels. 

• The permeability of this second cell barrier varies with the type of blood 
vessel but even the tightest regions are thought to be more permeable to 
molecules than pulmonary epithelium. 

• The surface area of a pulmonary endothelial cell is about 1/5"’ the size of 
the Type f ceil. 

• Lymphatics 

o “Backdoor” pathway. 

o Fluid and solutes that slowly seep of the blood system into tissues 
are recycled back to the circulation through a system of vessels 
and filters (lymph nodes) known as the lymphatic system, 
o Lymphatic endothelia have large open flaps in their walls which will 
let micron-sized particles (i.e. fat droplets^ lipoproteins, bacteria, 
viruses and immune cells) freely pass, 
o Fluid flow is normally very slow relative to blood (1/500*^ velocity of 
blood) but the protein concentration is 60-70% that of plasma. 


MECHANISMS OF ABSORPTION 


• Lung is not particuiarly permeable to small molecules 

• However Its tremendous surface area, very low surface fluid volume, very 
thin diffusion layer, sluggish ceil surface clearance and anti-protease 
defense there is still reasonably high bioavailability 

• For a variety of low and high molecular weight solutes, >90% of the 
alveolar absorption “barrier” is in the epithelium. 

• Macromolecule absorption from the lung Is inversely related to molecular 
mass over the range of 1-500 kDA — smaller molecules diffuse faster than 
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large molecules. 

• Inhaled and instilled 
macromolecules >40 kDA 
(i.e. 5-6 nm diameter which 
includes almost all plasma 
proteins) are slowly 
absorbed over many hours 
from the airspaces 

• Peptides and proteins <40 
kDA (i.e. <5-6 nm in 
diameter) can rapidly 
appear in blood following 
instillation or inhalation into 
the airways. 

• Most cytokines (18-22 kDA 
~3-4 nm in diameter), 
insulin (5.7 kDA, 2.2 nm in 
diameter) and many small 
peptides are absorbed 
rapidly and peak in the 
blood in 5-90 mins in 
humans. 


• Paracellular transport - 
o Usually thought to 
occur through the 
junctional complex 
between two cells by 
passive diffusion 

o It is also believed that there various pores that allow passage of 
molecules, e.g. small pores corresponding to the thin slits between 
the cells, and large pores that represent vesicular transport 
(transcytosis) or space created by senescent or injured cells. 

o The small pores In the alveoli and trachea have estimated 
diameters of about 1-5 nm. 

o Pulmonary epithelial cells are “tight” but the endothelial ceils are 
thought to be leaky. 

o There are ~ 60 miles of cell junction in human airways and >2000 
miles in the alveolar region 

o Epithelial defects (big pores) occur when cells are injured or die by 
apoptosis creating a big gap till new cells replace this denuded 
region. 
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Passive Diffusion 


Based on Pick’s Law of Diffusion 


J = Kx Dx — Equation 1 

dx 

Where 

J is the flux per unit area, 

D is the diffusion coefficient in the 
membrane, 

K is the part'rtlon coefficient of the solute, 
do is the concentration gradient across the 
membrane, and 

dx is the thickness of the membrane that 
the solute has to travel. 

Equation 1 can also be written as; 

J = Pxdc Equation 2 

where, 

^ DxK _ „ 

P =- Equation 3 

dx 


TotalPluX J total •^uniontztd '^Ionized 

Equation 4 



Fi^ l4 SJ6<ie5 showing potihtisi patiwaj^ of nasapaptcsiute 
riom ^eoJi. Proteios tfiaii kPs are 

priiSably arscftBeB into the hlqod pritaarily the 

jjjipi In^ v^Ik, Maeromoletwles srhaUer thimn ^ kP 
into the fcio^ the septal 
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RATE OF D-PHE-L^AUA UPTAKE 


Equation 5 


p ,,, 

_ unr<?i«rzc</ 


P 

^ ionized 


where, DC = Discrimination Coefficient and is typically in the range 10® to 10® 


Transcellular transport - 

o Occurs without disrupting the barrier function of the plasma 

membrane or its electrochemical potential on either side of the cell, 
o In the endothelium this occurs through non-coated vesicles called 
caveolae (-40 nm of opening diameter and internal diameter of 50- 
100 nm). 

o These calveolar vesicles are also found in Type 1 epithelial cells 
and are believed to be involved in transport, 
o Receptor mediated transcytosis also occurs in the lung 
o Albumin receptor on alveolar is responsible tor a slow but steady 
absorption of albumin 


Active/Carrier Mediated Absorption 


Saturable (Capacity limited) Michaelis-Menten transport 
CT + Sout CT-S —^ Sjn 


dt K„y^{S^,] 


Equation 6 



extracellular [D-PHE-t'ALA} (mM) 

Fix 2 Ooiiccntra£itaidcpciiEteBCetjfD-'Phe-L*AIaup^cuJ»^y&n 

BBeunMKsytM. FresWy iwhted type H ceDs were intotetsi to ^ s 
Kiebs-Kager wntonmgTiaiyii>goon<*nt«tioM 
Ala. Date aM fitted to the MichaoliB-Menten equatioQ a* 

10 mM point), glvine an apparent Mi<*fie!^-Menten o 

8.4 mM and a mawmnni velocity ® 

protei!j“’'Mn"'. Vnlueo a« meana F SE; n 8. 


or in flux terms, Active absorption can be 
shown as: 


7=-- ^ — Equation? 


Where 

J Is the flux for a substrate concentration of 
C, 

Jmax is the maximum flux, and 

Km is the concentration of substrate when J 

is 50% of the maximum (Jmax). 
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• Pulmonary macrophages are adapted to avidly engulfing exogenous 
particulate matter that might deposit in the lungs. 

ALTERED PULMONARY ABSORPTION IN SMOKERS 

• Cigarette smoke contains several compounds that are thought to stimulate 
alveolar macrophages and polymorphonuclear cells to release oxidants 
which are thought to damage the epithelium. 

• The role of the reactive oxygen species in smoke itself in this process is 
still not clear. 

• A pack of cigarette is believed to deposit -400 MG of material on a 
smoker’s lung. 

• Smoker’s lungs are much more permeable than nonsmokers 

• This enhanced permeability is reversible and returns to nonsmoking level 
within few days 

• Primary cause of increased permeability is possibly due to damage to 
alveolar Type I cells adjacent to the bronchioalveolar junction. 

• The damage occurs as denudation and desquamation of cells lo a density 
of about 1-2 pm of linear damaged surface/100 pm. 

• The focus of damage near the bronchioalveolar junctions may be the 
result of high deposition o particulates that occurs at that site. 

• Smoking also markedly increases the number of alveolar macrophages 
which clear deposited material by engulfment. 
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